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Up to now, in vivo studies on the toxic effects of microcystins (MCs) on the ultrastructures of fish liver have been very limited. The
phytoplanktivorous silver carp was injected i.p. with extracted hepatotoxic microcystins (mainly MC-RR and -LR) at a dose of 1000 μg MC-
LReq. kg−1 body weight, showing a time-dependent ultrastructural change in liver as well as significant increases in enzyme activity of plasma
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH). We observed for the first time the
occurrence of a large amount of activated secondary lysosomes, which might be an adaptive mechanism to eliminate or lessen cell damage caused
by MCs through lysosome activation. Quantitative and qualitative determinations of MCs in the liver were conducted by HPLC and LC-MS2,
respectively. MCs concentration in the liver reached the maximum (114.20 μg g−1 dry weight) after 3 h post-injection, and then rapidly dropped to
7.57 μg g−1 dry weight at 48 h, indicating a depuration of 99% accumulated MC-LReq. On the other hand, a decrease trend in glutathione (GSH)
concentration was observed in the liver of silver carp while the activity of glutathione S-transferase (GST) increased significantly after injection.
The high tolerance of silver carp to MCs might be due to the high basic GSH level in their liver, and/or an increased GSH synthesis.
© 2007 Elsevier Inc. All rights reserved.Keywords: Biochemical; Detoxification; Glutathione; Microcystins; Pathological; Silver carp1. Introduction
Microcystins (MCs) are a family of potent liver toxins
produced by several cyanobacterial species and frequently found
in drinking water reservoirs or lakes, representing a threat to
aquatic organisms and human being (Ueno et al., 1996; Ferrão-
Filho et al., 2002). Among more than 70 microcystin isoforms,
microcystin-LR (MC-LR) is the most common variant, followed
by microcystin-RR (MC-RR) and microcystin-YR (MC-YR)
(Fastner et al., 2002).
It is well recognized that MCs can potently inhibit serine/
threonine protein phosphatases 1 and 2A (Eriksson et al., 1990),⁎ Corresponding author. Donghu Experimental Station of Lake Ecosystems,
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doi:10.1016/j.cbpc.2007.04.008which leads to hyperphosphorylation of phosphatases and cell
deformation and breakdown (Kaya, 1996). Thus, acute micro-
cystin poisoning is histologically characterized by disruption of
the liver structure, which induces intrahepatic haemorrhage that
leads to death in mammals (Eriksson et al., 1990). There have
been many experimental studies on the ultrastructural effects of
MCs in intact liver or isolated hepatocytes of mammals including
rounding of hepatocytes, vesiculation of endoplasmic reticulum
(ER) and whirling of the rough ER, swollen mitochondria,
widening of the space of Disse, loss of sinusoidal architecture,
separation and necrosis of hepatocytes (Dabholkar and Carmi-
chael, 1987; Miura et al., 1989). However, in vivo studies on the
toxic effects of MCs on the ultrastructures of hepatocytes are
limited in fish, and mainly with focus on the omnivoreous
common carp (Råbergh et al., 1991; Li et al., 2004) and the
carnivorous rainbow trout (Kotak et al., 1996; Tencalla and
Dietrich, 1997). No information is available for the
Fig. 1. Temporal variations of serum LDH, ALT and AST in silver carp after an
injection of 1000 μg MC-LReq. kg−1 bw. Values are expressed as mean±SE
(n=3 except the control). The mean values of 0 and 48 h used as controls. The
significance levels observed are⁎Pb0.05 and ⁎⁎Pb0.01 in comparison to
control group values.
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cyanobacterial toxins because of habitat and feeding mode.
Recent studies suggested that the formation of microcystin-
glutathione conjugate mediated by glutathione S-transferase
(GST) is the first step in the detoxification of MCs in mammals
(Kondo et al., 1996) and a wide range of aquatic organisms
(Pflugmacher et al., 1998). The GST is a ubiquitous Phase II
enzyme responsible for the detoxification of xenobiotics, toxins
and endogenous substrates including the toxic products of tissue
damage (Storey, 1996). An increase in GSTactivity was found in
the hepatopancreas of Chasmagnathus granulatus after MCs
exposure representing a greater detoxification capacity through
conjugation ofMCs with glutathione (GSH) (Pinho et al., 2003).
The depletion of the hepatic GSH after exposure to MC-LR was
observed in the studies with goldfish (Xu et al., 1998) and
common carp (Li et al., 2003). On the other hand, several recent
studies have shown that exposure to MCs or to microcystic
cyanobacterial extract results in transient elevation of intracel-Fig. 2. Hepatocytes of silver carp at 0 h before injection: (A) showing a normal hepat
reticulum, mitochondria, small lipid droplets, 12,000×; (B) showing the distinct celllular GSH content, both in vitro (Ding et al., 2000) and in vivo
(Gehringer et al., 2004). In primary cultured rat hepatocytes
exposed to microcystic cyanobacteria extract, Ding et al. (2000)
observed a biphasic change of intracellular GSH concentrations,
with a significant increase in the initial stage followed by a
decrease after prolonged treatment, suggesting that the use of
GSH by the initial conjugation to MC-LR may trigger an
increase in GSH synthesis, possible by activating the transcrip-
tion of γ-glutamylcysteine synthetase, the rate limiting enzyme
in GSH synthesis.
The phytoplanktivorous fishes are especially important
to human because of their role in aquatic ecosystems as di-
rect consumers of phytoplankton primary production, their
importance as food fish and their potential for biological
management of cyanobacterial blooms (Xie and Liu, 2001).
Silver carp (Hypophthalmichthys molitrix) is one of the most
important phytoplanktivorous fish in China, and has been
introduced worldwide for aquaculture, comprising as much as
12% of the total freshwater fish production of the world (FAO,
1991). A subchronic toxicity experiment where the phyto-
planktivorous silver carp were fed with toxic fresh Micro-
cystis viridis cells (MC-RR and -LR contents were 268–580
and 110–292 μg g− 1 DW, respectively) found that MC-LR
were almost not detectable in the fish liver, and suggested that
silver carp may have a mechanism to degrade MC-LR actively
in the intestines and are probably more resistant to MCs
than other fishes (Xie et al., 2004). Recently, Zhang et al.
(2006) studied the effects of the silver carp on plankton and
microcystins in an enclosure experiment in a eutrophic lake
and demonstrated that silver carp can be an efficient bi-
manipulation fish to reduce nuisance toxic cyanobacterial
blooms.
In light of the above studies, the purposes of the present
study were to examine, through an acute toxic experiment,
the temporal changes of MC concentration and ultrastructure
of liver and serum enzymes [lactate dehydrogenase (LDH),ocyte including a large centrally located nucleus, rough and smooth endoplasmic
ular junction (arrow), 20,000×.
Fig. 3. Toxic effects of MCs on silver carp hepatocytes at 1 h post-injection: (A) showing disassociation of hepatocytes, 4000×; (B) showing the dilation of intercellular
space (arrow), 20,000×; (C) showing blebbing of hepatocytes (arrow), 6000×; (D) showing the binucleate cell (arrow), 6000×.
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(AST)], and other biochemical responses in silver carp after an
injection i.p. of 2000 μg MC-LR+MC-RR+MC-YR kg−1 bw,
and to discuss the toxic effects of MCs on silver carp with
comments on the possible mechanisms of high resistant and
detoxification capacities in phytoplanktivorous fish.
2. Materials and methods
2.1. Toxin
The freeze-dried cyanobacterial materials used in the
experiment were collected from Lake Dianchi, Yunnan of
China. The microcystins were prepared and measured as
previously described Park et al. (1998) with some improve-
ments. Briefly, the materials were extracted three times with
10 mL of 75% methanol (v/v) for 3 h at 4 °C. The extract wascentrifuged at 10,000×g for 30 min, and the supernatants were
pooled and were applied to a C18 cartridge (Dalian Institute of
Chemical and Physical, China). The cartridge containing the
microcystin was rinsed with 10 mL water and the microcystins
were finally eluted from the C18 cartridge with 10 mL of meth-
anol. The eluate was evaporated under reduced pressure and then
the residue was dissolved in water. After a reverse-phase high
performance liquid chromatography (HPLC) (Shimadzu, LC-
10AD) analysis, the microcystin content in the cyanobacterial
material was 1.41 mg g−1 dry mass (DW), among which MC-
RR, -LR and -YR were 0.84, 0.50 and 0.07 mg g−1 DW,
respectively.
2.2. Fish, treatments and sample preparation
Silver carp (n=21) (H. molitrix) with a mean mass of 25.47±
1.40 g were purchased from a local fish hatchery (Wuhan,
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in 100-L aquaria containing dechlorinated tap water. Water
temperature was 20±1 °C, pH maintained 7.4 and dissolved
oxygen values were 7.5 mg L−1. No food was given to the fish
throughout the experiment.
The treated fish were injected intraperitoneally (i.p.) with
a dose equivalent to 2000 μg MC-LR+MC-RR+MC-YR per
kg body mass (bw). The control fish were injected i.p. with
distilled water. Gupta et al. (2003) reported 24 h LD50 (i.p.)
doses of MC-LR, -RR and -YR in mice are 43, 235.4 and
110.6 μg kg− 1 bw, respectively. Thus the toxicity of MC-RR
and MC-YR in mice is nearly one fifth and one third of MC-
LR, respectively. Comparably, the dose of 2000 μg kg− 1
injected with extracted compound toxins of MC-LR, -RR
and -YR in this study, according the toxicity of MC-RR and
MC-YR, is equivalent to 1000 μg kg− 1 purified MC-LR.Fig. 4. Toxic effects of MCs on silver carp hepatocytes at 3 and 12 h post-injection: (A
(B and C) showing swelling of the mitochondrial matrix and the occurrence of myeli
(D) showing loss of cristae and complete transparency of the matrix in mitochondriThree treated fish were killed at 1, 3, 12, 24 and 48 h post-
injection, respectively. Three control fish were killed only at
0 h and 48 h, respectively. Blood were firstly taken via tail
vein for determination of the activities in serum LDH, ALT
and AST. For each sampling, liver samples were divided into
two parts: one was immediately frozen at −80 °C for deter-
mination of toxin content and biochemical analysis, and the
other one was fixed for electron-microscopic analysis.
2.3. Serum biochemistry
Blood samples were collected and centrifuged at 850×g for
10 min at 4 °C. Serum was stored at −80 °C. The activities of
lactate dehydrogenase (LDH, EC 1.1.1.27), alanine aminotrans-
ferase (ALT, EC 2.6.1.2) and aspartate aminotransferase (AST,
EC 2.6.1.1) were estimated by kinetic methods using Na-) showing a temporary increase of mitochondria in number at 3 h (box), 8000×;
nated structures in matrix of mitochondria at 3 h (arrow), 17,000× and 40,000×;
a at 12 h post-injection (arrow), 8000×.
Fig. 5. Toxic effects of MCs on silver carp hepatocytes at 24 h (A–B) and 48 h (C–D) post-injection: (A and B) showing fragmentation of the rough ER (box) as well as
proliferation of lysosomes (arrows), respectively, both in 8000×; (C) showing loss of nucleoplasm and disruption of nucleus envelope (white arrow) and vesiculation of
rough ER (black arrow), 8000×; (D) showing the occurrence of large amount of autophagic vacuoles in cytoplasm (arrows), 20,000×.
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340 nm and 25 °C using diagnostic kits of Shanghai Shenergy-
DiaSys Diagnostic Technology Co., Ltd. (China) on the
AEROSET® clinical chemistry analyzer (Abbott, USA).
2.4. Transmission electron microscopy
Liver samples were prefixed in 2.5% glutaraldehyde solution,
diced into 1 mm3, followed by three 15 min rinses with 0.1 M
phosphate buffer (pH 7.4). Post-fixation was in cold 1% aqueous
osmium tetroxide for 1 h. After being rinsed with phosphate
buffer again, the specimens were dehydrated in a graded ethanol
series of 50–100% and then embedded in Epon 812. Ultra-thin
sections were sliced with glass knives on a LKB-V ultramicro-
tome (Nova, Sweden), stained with uranyl acetate and lead citrate
and examined under a HITACHI, H-600 electron microscope.2.5. Determination of MC concentration in liver
Extraction and analysis of MCs in the fish liver followed the
method of Chen and Xie (2005). The toxin-containing frac-
tion was subjected to a HPLC equipped with an ODS column
(Cosmosil 5C18-AR, 4.6×150 mm, Nacalai, Japan) and a SPD-
10A UV–vis spectrophotometer set at 238 nm. MC concentra-
tions in fish livers were determined by comparing the peak areas
of the test samples with those of the standards available (MC-
LR, MC-RR and MC-YR, Wako Pure Chemical Industries,
Japan). The limit of detection and the limit of quantification for
MCs were 0.02 and 0.07 μg/g, respectively.
Qualitative analysis of MCs was performed using a
Finnigan LC-ESI-MS system. MS tuning and optimization
were achieved by infusing microcystin-RR and monitoring the
[M+2H]2+ ion at m/z 520. MS conditions were as follows: ESI
362 L. Li et al. / Comparative Biochemistry and Physiology, Part C 146 (2007) 357–367spray voltage 4.54 kV, sheath gas flow rate 20 unit, auxiliary
gas flow rate 0 unit, capillary voltage 3.36 V, capillary tem-
perature 250 °C, and multiplier voltage −853.19 V. Data ac-Fig. 6. ESI LC/MS2 analysis of MCs in the liver of silver carp 3 h after an injection of
monitored at m/z 520, 995.5, 1045.5; (B) ESI mass spectra for MC-RR; (C) ESI maquisition was in the positive ionization centroid mode. MS
detection was operated in four segments: (1) full scan mode
with a mass range between 400 and 1400, 4.2 min; (2) two scan1000 μg MC-LReq. kg−1 bw. Shown are: (A) total ion and mass chromatograms
ss spectra for MC-LR; and (D) ESI mass spectra for MC-YR.
Fig. 6 (continued ).
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with a mass range between 140 and 1100, parent ion: 520;
isolation width: 1; normalized collision energy: 37%; 4.8 min;(3) three scan events: full scan mode as same as segment 1 and
MS2 mode with mass range between 270–1100 and 285–1100,
respectively; parent ion: 995.5 and 1045.5, respectively;
Fig. 7. MC concentration in liver of silver carp after an injection of 1000 μg
MC-LReq. kg−1 bw.
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equal for both, 35%; 4.8 min; and (4) full scan mode as same as
segment 1 in the rest time.
2.6. Measurement of biochemical parameters in liver
Liver samples were homogenized (1:10, w/v) in cold (4 °C)
buffer solution containing Tris base (20 mM), EDTA (1mM),
dithiothreitol (DTT, 1 mM; Sigma-Aldrich), sucrose (0.5 mM) and
KCl (150 mM) and phenylmethylsulfonyl fluoride (PMSF, 1 mM;
Sigma-Aldrich), with pH adjusted to 7.6. Homogenates were
centrifuged at 9500×g (4 °C) for 20 min and the supernatants used
as enzyme source. The activities of GST and glutathione reductase
(GR) and GSH level were assayed by the kits supplied by The
Nanjing Bioengineering Institute, China. GR activity was
determined by measuring NADPH oxidation at 340 nm. GST
activity was detected by evaluating the conjugation of GSH with
the standardmodel substrate 1-chloro-2,4-dinitrobenzene (CDNB).
GSH level was assayed by measuring the absorbency change at
412 nm using 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) as
substrate. Protein contents were determined by the Coomassie blue
method (Bradford, 1976) using bovine serum albumin as a
standard. All the experiments were carried out in triplicate.
2.7. Statistical analysis
Analysis was undertaken using SPSS 11.5 for Windows. As
we did not find significant difference in the major biochemical
parameters between 0 and 48 h of the control fish using an
unpaired two-tailed Student's t-test (PN0.05), we took the mean
values of 0 and 48 h as controls. The effect of time after
MCs exposure was assessed by one-way analyses of variance
(ANOVA 1) followed by a post hoc multiple comparisons test
(Bonferroni's test). Results are presented as the mean±SE.
Differences were considered significant at level Pb0.05.
3. Results
3.1. Serum biochemistry
LDH increased significantly in comparison with the con-
trol as early as 1 h post-injection, and then progressively
decreased. ALT activity in the serum of the treated fish
increased in a time-dependent manner and the increase was
significant at 48 h post-injection. The significant increase in
AST activity was also found at 1, 24 and 48 h, respectively
(Fig. 1).
3.2. Ultrastructural observation
Transmission electron microscopy of liver from control fish
showed distinct cell junction, a centrally located nucleus with a
prominent central nucleolus, rough ER arranged in parallel
layers or in association with mitochondria with dense matrices
and several lipid droplets (Fig. 2). Lysosomes could only rarely
be observed. After 1 h, widening of intercellular spaces was
firstly noticed (Fig. 3A and B). Membrane blebbing occurredwith a conspicuous separation of hepatocytes (Fig. 3C). Also,
some binucleate cells were observed (Fig. 3D). At 3 h post-
injection, hepatocytes disassociation was more serious and
mitochondria showed a temporary increase in number (Fig. 4A).
This apparent augmentation, however, was partly due to a re-
duction of hepatocellular size and a relative decrease in the
amount of other organelles, especially of the rough ER. Also,
swelling of the mitochondrial matrix was found in conjunction
with the induction of myelinated structures within the matrix
(Fig. 4B and C). The mitochondria proceeded to lose cristae and
matrix in a progressive, time-dependent manner and became
completely transparent at 12 h post-injection (Fig. 4D). At 12 h
the ultrastructural changes of hepatocytes were basically similar
to that at 3 h but more serious. At 24 h, hepatocytes dis-
played fragmentation of the rough ER as well as proliferation of
lysosomes (Fig. 5A and B). After 48 h, disruption of nuclear
envelope and prominent decrease in the amount of hetero-
chromation occurred, which eventually resulted in a highly
electronlucent nucleoplasm. A majority of the hepatocytes
lack stacks of rough ER cisternae and instead possess exten-
sive vesiculation of rough ER (Fig. 5C). A large amount of
autophagic vacuoles were frequently seen in the cytoplasm
(Fig. 5D).
3.3. Dynamics of MCs in liver
Fig. 6 shows an ESI LC/MS2 analysis of MCs in the liver of
silver carp 3 h after an injection of 1000 μgMC-LReq. kg−1 bw.
Based on total ion chromatogram, mass chromatograms mon-
itored at m/z 520, and the presence of [M+H]+ ion at m/z 440
and 887, it is confirmed that the peak at 6.04 min was derived
from MC-RR. Similarly, peaks obtained at 11.91 min and
12.27 min were derived from MC-YR and MC-LR, respective-
ly, as the peaks were detected by monitoring with m/z 1045.5
and m/z 995.5, respectively, and the mass chromatogram
showed [M+H]+ ion at m/z 1045.5 and 599 for MC-YR and
m/z 995.5 and 599 for MC-LR, respectively.
In the present study, MC concentration in liver could be
detected as soon as 1 h post-injection, reaching a maximum
value of 114.20 μg g−1 DW at 3 h and then rapidly dropped to
7.57 μg g−1 DWat 48 h (Fig. 7). Due to an accidental mistake in
Fig. 8. Temporal variations of the activities of GST, GR and GSH level in the
liver of silver carp after an injection of 1000 μg MC-LReq. kg−1 bw. Values are
expressed as mean±SE (n=3 except the control). The mean values of 0 and 48 h
are used as controls. The significance level observed is ⁎Pb0.05 in comparison
to control group values.
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12 h post-injection.
3.4. Glutathione pathways
As seen in Fig. 8, the activity of GST increased significantly at
24 and 48 h post-injection. No significant increase in GR activity
was observed after injection. There was no significant change in
GSH level in the liver of silver carp over the 48 h experiment.
4. Discussion
In the present study, when the phytoplanktivorous silver carp
were injected i.p. with 1000 μg MC-LReq. kg−1 bw, there was a
time-dependent hepatocyte degeneration including widening of
intercellular space, hydropic mitochondria, fragmentation and
vesiculation of the rough ER, nuclear degeneration, loss of
cytoplasm, as well as a concurrent increase in serum LDH, ALT
and AST activities. Hepatocytic ultrastructural findings are
consistent with those of common carp (Råbergh et al., 1991)
and rainbow trout (Kotak et al., 1996), revealing widespread
hepatocytic swelling and vacuolization. This severe injury pos-
sibly caused hepatocytic necrosis. The increased activities of
serum enzymes indicative of hepatocellular damage of sil-
ver carp in this study have been generally in agreement with
previous observation in both acute and chromic toxicity studies
in fish (Råbergh et al., 1991; Tencalla and Dietrich, 1997;
Malbrouck et al., 2003; Li et al., 2004). It is reported that
increased release of ALT into the blood is indicative of damage
to the integrity of hepatocyte membranes (Mitchell et al., 1980),
and the elevated AST activities are due to mitochondrial dis-
ruption as a consequence of heavy hepatitis (Schmidt and
Schmidt, 1974).
In the present study, lysosomal proliferation and the
occurrence of a large amount of autophagic vacuoles (typical
secondary lysosome) were observed at 24 h and 48 h post-
injection, which is the first report from toxicological studies of
microcystin in fish. Braunbeck (1998) reported proliferation oflysosomes in hepatocytes of rainbow trout following in vivo and
in vitro sublethal exposure to xenobiotics (e.g. 4-chloroaniline),
which indicated a general adaptation to compensate for in-
creased turnover of cellular components under conditions of
toxicant-induced stress. Dabholkar and Carmichael (1987) re-
ported the formation of phagocytic membrane-bound vacuoles
(autophagic vacuoles) in mouse liver after i.p. injection of lethal
dose (100 μg/kg) of hepatotoxin from Microcystis aeruginosa,
and indicated that such secondary lysosomes stop the pro-
cession of toxicosis of microcystin. Such autophagic type
vacuoles were mainly formed by rough ER and mitochondria in
the present study. Therefore, proliferation of lysosomes and
autophagic vacuoles occurring in our experiment may indicate
the presence of an adaptive mechanism in silver carp to elim-
inate or lessen cell damage caused by MCs through lysosome
activation (autophagia and assimilation).
In the present study, MCs concentrations in liver could be
detected as soon as 1 h post-injection, reached a maximum
value of 114.20 μg g−1 DW (9.72 μg MC-LReq. g−1 WW) at
3 h and then rapidly dropped to 7.57 μg g−1 DW (0.10 μg MC-
LReq. g−1 WW) at 48 h, whereas the ultrastructural changes of
hepatocytes progressively increased in a time-dependent man-
ner. Approximately 99% of the accumulated MC-LReq. in the
liver were depurated from 3 to 48 h post-injection. A coefficient
of 5 was used to convert liver dry weight to liver wet weight for
silver carp in the present study (Chen, 1990). Tencalla and
Dietrich (1997) reported a similar result that a maximum value
of 524 ng MC-LR g−1 WW in liver was present at 3 h and then
rapidly dropped to 44 ng g−1 at 72 h in rainbow trout gavaged at
a dose of 5700 μg MC-LReq. kg−1 bw, whereas liver ultra-
structural damage continued to progress with time. Apparently,
there was a delay in the ultrastructural changes related to peak
accumulation of MCs in the liver of silver carp. On the dep-
uration of MCs, an i.p. injection of 125 μg MC-LR kg−1 bw in
juvenile goldfish Carassius auratus also resulted in a decrease
by a factor of four between 48 and 96 h after a steady ac-
cumulation of MC-LR (Malbrouck et al., 2003). Thus, after a
depuration period of 3 and 4 days, MC-LR reductions of 91.5%
and 83.3% were observed in the livers of rainbow trout and
goldfish, respectively (Tencalla and Dietrich, 1997; Malbrouck
et al., 2003). Compared with rainbow and goldfish, the dep-
uration rate of MCs is much higher in the liver of silver carp.
Fischer et al. (2000) suggested that two factors may
contribute to the decrease in extractable microcystin: one is
biliary excretion of MCs or its metabolites (Sahin et al., 1996),
the other is the slow covalent addition of MCs to the catalytic
subunit of PP and other thiol containing cellular proteins
(Hitzfeld et al., 1999) e.g., glutathione (Kondo et al., 1996),
which may contribute to the progressive necrosis of hepato-
cytes. In the present study, although approximately 99% of
accumulated MC-LReq. were depurated from 3 to 48 h post-
injection, the maximum of extractable MCs in bile of silver carp
was present at 48 h post-injection (data not shown) and only
4.2% of degraded MCs in liver. This suggested that most of
accumulated toxins in the liver of silver carp were detoxified by
covalent conjugation with GSH. The formation of microcystin-
GSH conjugate mediated by GST has been confirmed as the
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taceans mollusks and fish (Pflugmacher et al., 1998). Pinho
et al. (2003) found a higher GST activity in the hepatopancreas
of C. granulatus 7 days after MCs exposure, which suggests a
higher conjugation rate of MCs with GSH. In our experiment,
the significant increase of GST activity in the liver of silver carp
was observed at 24 and 48 h post-injection, respectively. If
the GSH conjugation might play an important role in the
detoxification process in silver carp, it could result in a de-
pletion of intracellular GSH level. Xu et al. (1998) observed
a decrease in GSH concentration in the liver of goldfish
(C. auratus L.) following an i.p. injection of MC-LR (10–
400 μg/kg). Li et al. (2003) observed a similar decrease in
common carp hepatocytes when exposed to 10 μg MC-LR/L.
However, such a significant decrease of GSH level was not
observed in silver carp.
There are two possible explanations for this: (1) the high basic
GSH concentration in silver carp liver, and/or (2) an increased
GSH synthesis. In the present study, the basic level of GSH in the
liver of silver carp was 7.95±0.55 μmol/g tissue, nearly 6 times
that in the liver of C. auratus (1.22±0.20 μmol/g tissue) (Jia and
Dong, 2003) and 1.5 times that in Culter ilishaeformis
(4.6 μmol/g tissue) in Lake Taihu, China (Qiu T, unpublished
data), suggesting that the detoxification of MCs by the
glutathione pathway would not cause a shock in GSH level.
On the other hand, glutathione is not only synthesized by the
sequential actions of γ-glutamylcysteine synthetase and gluta-
thione synthetase in the γ-glutamyl cycle but also converted
from GSSG by catalyzed GR (Arteel and Sies, 2001). In the
present study, there was no significant increase in GR activity of
silver carp. Thus, a stable GSH concentration in the liver of silver
carp in this study is assumed to result from an increase in GSH
synthesis rather than from the cycling of GSSG to GSH. In
general, an increase in the glutathione level of a cell makes it
more resistant to antitumor agents, and also to radiation and
oxidative pressures (Pastore et al., 2003). So, the high GSH level
in the liver of silver carp may suggest a high ability to detoxify
MCs and to release associated high oxidative pressure in
phytoplanktivorous fish.
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